Angiogenesis in autosomal-dominant polycystic kidney disease.
our laboratory indicated the existence of a rich vascular network on the surface of cysts from ADPKD. We postulated that angiogenesis could be a factor in the progresAutosomal-dominant polycystic kidney disease sion of ADPKD. Whereas angiogenesis is fundamental ADPKD) is a frequent genetic disorder responsible for to the processes of reproduction, development and repair approximately 10% of all cases of end-stage renal disease [11, 12] , it also plays a role in pathological processes, (ESRD) [1] [2] [3] . Little information exists on the distribuincluding cancer. Angiogenesis is stimulated by several tion and characteristics of the microcirculation of the growth factors, including vascular endothelial growth kidney in ADPKD. Before the advent of renal ultrafactor (VEGF) [13] [14] [15] [16] . Early in the process of angiogensound, computed tomography scans and magnetic resoesis, the endothelial cell basement membrane and surrounding collagen and other matrix proteins are degraded by matrix metalloproteinases, and the capillary cell adhesion molecules such as integrin ␣ v ␤ 3 , which are induced by angiogenic factors. In the normal adult kid- 2001 by the International Society of Nephrology ney, constitutive expression of VEGF and VEGF recepsoftware (OIS, Sacramento, CA, USA) and stored for differed analysis. tors is confined to the glomerulus (podocytes and capilFor fresh preparations, cyst walls were cut free, laries, respectively) and some collecting ducts and stretched on glass slides, covered with 1 mm cover slips, peritubular capillaries [18] .
and observed immediately using a Nikon microscope Our current study reports (1) the existence of an extenwith ϫ100 to ϫ200 magnification. Microphotographs sive capillary network in the cyst wall of ADPKD kidwere taken with a Nikon camera. neys removed from patients in renal failure (ESRD), (2) The appearance of ESRD-ADPKD kidneys was morphological evidence for vascular malformation, (3) rather uniform. Enlarged kidneys measuring up to 30 by the expression of the VEGF in cyst cells and of VEGF 20 by 18 cm had their surfaces covered by randomly receptor-2 in cyst cells and vessels, (4) the secretion of distributed cysts of different sizes that also were present VEGF by ADPKD cells in culture, and (5) the coexpresthrough the mass of the kidney. The cysts contained sion of matrix metalloproteinase-2 (MMP-2) and of inclear or dark fluid, the latter from past hemorrhages. tegrin ␣ v ␤ 3 in vessels from ADPKD. Taken together, Randomly taken samples for histopathology were prothese findings are indicative of angiogenesis in ADPKD, vided by pathologists at the University of Texas Medical a process that may be necessary for cyst cells to grow as Branch and other medical centers. The samples correwell as being responsible for increased vascular permesponded to areas with moderately sized cysts, and the ability-facilitating fluid secretion into the cysts-and a intervening areas were shown to contain some normallikely cause of the formation of aneurysms and renal sized tubules and more frequently small cystic tubules. bleeding found in this disease.
In those areas, the classic description of interstitial fibrosis and coexistance with some preserved glomeruli was METHODS confirmed. Hemorrhagic cysts were not studied.
Samples from different areas of the kidney were frozen Ten kidneys surgically removed because of medical embedded in Tissue Freezing Medium (TBS; Trianindications from patients with ESRD secondary to gle Biomedical Sciences, Durham, NC, USA) or fixed ADPKD, donated for research to the Polycystic Kidney in 4% paraformaldehyde and embedded in paraffin (t Ͻ Research Foundation, were used. Four additional kidney 65ЊC). Sections were placed on poly-l-lysine-treated preparations were available from the archives of the slides. Paraffin blocks were cut at 3 to 4 m thickness Department of Pathology, and new sections were oband dried overnight at 40ЊC. Paraffin was removed, and tained for light microscopy and immunostaining. The the sections were rehydrated. For negative controls, the mean age (Ϯ SD) of the patients at the time of kidney primary antibody was omitted. Positive controls for facremoval was 55.2 Ϯ 4.1 years. Of the 14 patients (6 males tor VIII-related antigen were slides from normal kidney and 8 females), 12 were white and 2 were Hispanic. Nine tissue, and for VEGF and receptors, positive controls were on dialysis at the time of transplant, and five had were slides from breast cancer tissues. Staining for factor a previous transplant and were receiving immunosup-VIII-related antigen was performed using mouse antipression. Two patients had hypertension. The kidneys human monoclonal antibody (Zymed Laboratories, Inc., were removed for medical reasons; the investigators South San Francisco, CA, USA) and was prediluted and were not involved in the decision making conducive to used as per the manufacturer's recommendations. Secsurgery.
tions were selected from hematoxylin and eosin-stained Some kidneys were perfused immediately after reslices. An avidin-biotin peroxidase conjugate protocol moval with lactate Ringer's solution containing heparin was used. The chromogene was diaminobenzidine (DAB). or with cold storage solution (ViaSpan; DuPont, Merck Staining for VEGF protein and VEGF-receptors 1 and Pharmaceutical Co., Wilmington, DE, USA) and deliv-2 (VEGFR-1 or flt-1 and VEGFR-2 or flk1/KDR) was ered to our laboratory in wet ice. In preliminary experiperformed in sections contiguous to the ones studied for ments, a branch of the renal artery was canulated and the factor VIII-related antigen. The antibodies used were as tissue was perfused with a lactate-buffered physiological follows: anti-VEGF monoclonal antibody (NeoMarkers, solution (pH 7.4, at 4ЊC to 10ЊC) also containing 50 g/L of Union City, CA, USA), which recognizes human isoPentafraction (DuPont), adenosine 1.3 g/L, allopurinol forms of VEGF, including soluble proteins; specific anti-0.136 g/L, and glutathione 0.922 g/L. The perfusion rate human VEGFR-1 monoclonal antibody (Flt-1 receptor), was ϳ1000 mL/hour, and the venous effluent was disand specific anti-human VEGFR-2 (KDR) monoclonal carded. Angiograms were obtained after injection of Hyantibody (Sigma-Aldrich, St. Louis, MO, USA). The propaque and Fluorescein. For the latter, the kidney was cedure was similar to the one described for studies of positioned in front of a Topcon-50ϫ retina camera with factor VIII-related antigen staining. cells, expecting to have low or no expression of VEGF, (Nikon Inc.). Images were obtained using a Dage Single and from MCF-7 cells (human breast cancer cell line) one-half inch cooled CCD camera (Advanced Scientific, was also used. Band intensities were quantitated by denChamette, LA, USA) and processed with the Metasitometry (ImageQuant; Molecular Dynamics, Sunnymorph Imaging System (Universal Imaging Corp., West vale, CA, USA). Chester, PA, USA).
Anti-VEGF enzyme-linked immunosorbent assay Cell cultures
Vascular endothelial growth factor released to the culture medium was measured using anti-human-VEGF Autosomal-dominant polycystic kidney disease cells antibody as the capture antibody (AF-293-NA) in combiwere isolated from ADPKD cysts from kidneys obtained nation with a biotinylated VEGF affinity-purified polyafter nephrectomy and cultured in 5% CO 2 /95% air at clonal detection antibody (BAF293; R&D Systems, Inc., 37ЊC in Click-RPMI media [21] , buffered with 10 mmol/L Minneapolis, MN, USA) as per the manufacturer's in-N-2-hydroxyethylpiperazine nЈ-2-ethanesulfonic acid structions. ADPKD cells and MCF-7 cells (human breast (HEPES), and supplemented with 1% fetal bovine secancer cell line) were grown in 25 cm 2 culture flasks rum (FBS), human transferrin (5 mg/mL), hydrocorti-(Biocoat; Becton Dickinson Labware, Bedford, MA, sone 50 nmol/L-dexamethasone 5 nmol/L, insulin 5 USA) to confluence. The medium was removed. Cells g/mL, and triiodothyronine 5 pmol/L (GIBCO BRL, were washed three times with PBS and incubated for Life Technologies Inc., Rockville, MD, USA). Subculeight hours in culture medium, as described previously tures were obtained after confluence and passages 1 in this article. Some ADPKD cells were incubated for through 3 were used. MCF-7 cells (human breast cancer 8 or 72 hours in an atmosphere of 90% N 2 /5% O 2 /5% cell line) were grown in improved minimum essential CO 2 . At the end of the incubation period, the condimedium (IMEM) Eagle's (Richter's medium) (GIBCO tioned media were removed, centrifuged at 3000 r.p.m. BRL) also containing 10% FBS and penicillin/streptofor 10 minutes, and stored at Ϫ20ЊC until the time of mycin. Proximal tubule cells, obtained from normal areas analysis. Triplicates samples were analyzed. The VEGF of kidneys removed because of cancer, were isolated as released was expressed per mg of cell protein. VEGF previously described [22] and cultured in 1:1 Dulbecco's was not detectable in the culture medium used. modified Eagle's medium (DMEM)/F-12 media suppleProtein measurements mented with 25 mmol/L HEPES; 21.5 mmol/L H 2 CO 3 ; 4 mmol/L l-glutamine; 10 mg/L insulin, 5.5 mg/L transProtein was measured by colorimetry using the BioRad DC Protein Assay Kit (Bio-Rad, Hercules, CA, ferrin, 2 mg/L ethanolamine, 5 g/L sodium selenite 
USA) adapted to cuvettes. Bovine serum albumin (BSA)
Small-vessel network found in the walls was used as the standard. Absorbance was measured of ADPKD cysts at 750 nm using a Beckman DU-62 spectrophotometer As shown in Figure 2 (insert), the cyst walls are highly (Beckman, Fullerton, CA, USA). vascular with randomly distributed tortuous vessels. Microscopic examination of tissues stained for factor VIIIStatistics related antigen demonstrated that the cyst walls conResults are reported as mean Ϯ SEM unless otherwise tained fibrovascular connective tissue. There was intense stated. Data were analyzed using Student t test for unproliferation of vasculature, predominantly composed paired data or population analysis, as required by the exof capillaries of varying caliber. In some places, they perimental design. P Ͻ 0.05 was considered significant [23] .
assumed angiomatous configurations, resembling cavernous angiomata (Fig. 2A) . The increased vascularity RESULTS was also appreciated in the renal interstitial parenchyma away from the cysts, apparently indicating angiomalAngiography suggests angiogenesis around the cysts formations involving the entire kidney in ADPKD (Fig.  Angiography performed in a nephrectomized ADPKD  2A) . Similar architecture and distribution were found in kidney demonstrated the presence of aneurysms and of all ADPKD specimens studied. broad tuft-like vessels as well as extravasation of the In other areas, in the interstitium (Fig. 2B) , and especontrast medium 1 (Fig. 1A) [24]. In the same kidney, fluorescein was injected in the upper pole artery, and an cially beneath the cyst epithelium (Fig. 2C) , the vessels angiogram was performed. As shown in Figure 1B , there assumed a "corkscrew" pattern. Ingrowths of neovascuis a rich network of vessels in the cyst wall. The vasculalarization were also seen into the lamina propria of the ture of the cyst wall includes spiral shaped, tortuous, intraluminal papilliferous projections of the cyst epitheand dilated vessels. These findings, similar to the ones lium (Fig. 2D) . By comparison, in the normal kidney, the reported in the diabetic retina [25] , are suggestive of arterial circulation had a quite regular pattern showing a angiogenesis.
progressive tapering of the caliber of the arterial vessels toward the kidney periphery. The network of capillaries 
VEGF is expressed in cyst cells
Vascular endothelial growth factor was demonstrated in cyst cells by immunohistochemistry. Expression levels were variable but observed in the cells of both fully developed cysts and small tubular dilations (Fig. 3A) . The negative control is shown in Figure 3B . Image analy- interstitium, although at lower levels. Figure 4 (left upper panel) shows staining for VEGF in intervening areas of more preserved morphology, demonstrating expression of VEGF protein in the cells of some enlarged tubules. A glomerulus on the field was not stained. A negative control is shown in the lower panel. (Fig. 5) , as well as in some cells. Densitometric analysis of the specific bands showed glomerular cells and remnant tubules (Fig. 4, central that the relative expression of VEGF normalized to the upper panel). The negative control is shown in Figure 4 recombinant VEGF 165 control was 30. and 61,1321 Ϯ 12,145 pg/mg protein for control and hypvasculature is prominent in the cyst walls and that the oxia, respectively, N ϭ 6, P ϭ 0.014). VEGF was also vessels have an abnormal appearance (see 1 on p. 40). detected in the medium from MCF-7 cells (a breast canStaining for factor VIII-related antigen demonstrated cer cell line) in amounts not different from those meadilated vessels of abnormal morphology that in some sured in the supernatant from ADPKD cells (8163 Ϯ places assume angiomatous configuration and extend into 1235 pg/8 h/mg protein, N ϭ 3; P ϭ NS; Fig. 6B ). VEGF 165 the lamina propria of the papilliferous grows into the was undetectable in the unconditioned media (data not cysts. Spiral and dilated vessels were observed in areas shown).
VEGF-receptors 1 and 2 expression in ADPKD kidney
without evidence of inflammation but with interstitial Metalloproteinase-2 and integrin ␣ v ␤ 3 colocalize in kidfibrosis, indicating that the abnormalities of the vasculaneys from ADPKD. The expression of the vitronectin ture are not limited to the areas of the cyst expansion. receptor integrin ␣ v ␤ 3 and MMP-2 were studied in There is no other possible explanation for the extension ADPKD kidney sections. Both MMP-2 and integrin ␣ v ␤ 3 of vasculature into the papilliferous growths that neoforwere functionally associated in the surface of angiogenic mation of capillaries. blood vessels [27] . It is believed that this cooperative
The VEGF and VEGFR-2 (KDR) in the normal adult interaction facilitates the invasive behavior of endothekidney are expressed in the visceral epithelial cells and lial cells [27] . We found that there was coexpression of in the endothelia of glomeruli, respectively. The adult MMP-2 and integrin ␣ v ␤ 3 in the vessels of polycystic kidney also exhibits a weak expression of VEGF in the kidneys, in areas around the cysts, and in the expanded collecting duct and of VEGFR-2 in the surrounding capmatrix (Fig. 7) . 2 illaries [18] . The pattern of expression in ADPKD kidney was quite different: The epithelial cells of some cysts and enlarged tubules in more preserved areas express DISCUSSION VEGF, and some capillaries around the cysts express Our study examined the vasculature of kidneys re-VEGFR-2 (KDR) receptor, the receptor involved in moved from patients with ADPKD and observed a rich neovascularization [28] . Expression of VEGFR-2 in network of vessels in the cyst walls. Although the renal some glomeruli was noted. The significance of the irregucirculation appears reduced in the angiographs, because lar staining of some cyst cells and in some remnant tuof the fluid accumulated in the cysts and to the decrease bules for VEGFR-1 is unclear. The anti-VEGFR-1 antiin the mass of functional tissue, the cyst wall has a wellbody is believed to be a specific monoclonal antibody of developed vascular network. Angiograms with radihuman VEGFR-1. It reacts specifically with VEGFR-1 of opaque medium and with fluorescein indicate that the human origin and does not cross-react with VEGFR-2 or other tyrosine kinases. The monoclonal anti-VEGFR-2 is derived from a KDR-2 hybridoma; purified recombi- 2 Sections were believed to be from normal areas from two kidneys removed because of cancer showed staining for MMP-2 and integrin nant human extracellular VEGFR-2 was the immuno- 28] . In this context, our findings demonstrate the presence of a permissive described in nonvascular cells of neural cells of the hypoxic retina, a finding taken to suggest an autocrine role condition for vascular remodeling and proliferation. The cellular invasion by endothelial cells-be they in of these receptors in the effect of VEGF [29] . Taken together, these experiments demonstrate that the condicancerous growths, inflammatory processes, or during repair-requires cell adhesion and migration mediated tions necessary to stimulate angiogenesis in the vicinity of the cysts are present in ADPKD kidneys. 3 by integrins and matrix-degrading enzymes. In particular, the MMP-2 and the adhesion protein integrin ␣ v ␤ 3 Vascular endothelial growth factor is also known as vascular permeability factor (VPF) and is recognized have been shown to colocalize to the surface of invasive endothelial cells [32] . Our studies provide evidence that as potent agent-some 50,000 times more potent than histamine-that increases capillary permeability [30, 31] .
integrin ␣ v ␤ 3 localizes with MMP-2 on the endothelial surface of ADPKD blood vessels, a finding that supports Our findings suggest that cyst development is associated with local enhancement of the vasculature, which in turn the idea that both cell migration and the matrix degradation necessary for invasion by the neovasculature occur may facilitate or promote fluid secretion into the cysts. Furthermore, we propose that the molecular mechanism in ADPKD. MMP-2 has been demonstrated by immunohistochemistry in the septa between cysts and associated of this process involve secretion of VEGF-stimulating neovascularization that would allow for the growth of interstitium in kidneys of the C-57BL/6 J-cpk mice, a mouse model for autosomal recessive polycystic kidney the cyst, as a tumor, with a balanced blood supply. This process necessarily should differ from the neovascularidisease (ARPKD). Thus, MMP-2 could act as a facilitator for the degradation of the interstitial matrix, allowing zation of malignancy, and could be triggered by hypoxia of the tubule cells and of the cysts as they expand. The for cyst expansion [33] . Recently, it has been reported that mouse homozygous process is unlikely to be synchronized to the whole kidney but would be present-at a given time-only in areas for Pkd1(L) mutant allele exhibit vascular fragility and were not viable after day 15.5, suggesting that polyof active cyst growth.
Alternative gene splicing of a single VEGF gene can cystin-1 may have a functional role in maintaining vascular integrity during angiogenesis [34] . The relevance of generate four different molecular species, of which VEGF 165 is the predominant form found in a variety of this finding to the development of vascular abnormalities in ADPKD is yet to be determined. normal and transformed cells. VEGF 165 is secreted but a fraction remains bound to cell membrane or to the In summary, the cysts in ADPKD are well vascularized, the vessels exhibit several malformations includextracellullar matrix, from where it can be released by heparin [reviewed in 17, 28] . Additional experiments ing aneurysmal and spiral forms, that the cyst cells express VEGF, and cyst cells in culture produce the soluble were performed to determine whether a soluble form of VEGF was present in ADPKD cells grown in culture form. The VEGFR-2 (KDR) is present in some of the vessels of ADPKD, and there is colocalization of MMP-2 and if the soluble form was secreted to the culture medium. Our Western blot experiments and ELISA deterand integrin ␣ v ␤ 3 . All of these findings indicate that the angiogenesis process occurs in ADPKD. The presence minations both demonstrate VEGF 165 in ADPKD cells and supernatant (conditioned medium) of ADPKD cell of VEGF, also known as VPF, may be important in increasing capillary permeability and favoring fluid transcultures. We also found that VEGF secretion increased during hypoxia, one of the conditions that has been report into the cysts. In addition, inhibition of angiogenesis may open new avenues for treating the disease [11, 17, ported to up-regulate VEGF expression caused by transcriptional activation and increased mRNA stability [28] .
28]. As a whole, our findings can be taken as complementary to the pathological changes, recognized as being Accordingly, we submit that the cyst cells produce VEGF that is secreted into the interstitium and is available to of a tumorous nature, occurring in epithelial cells and culminating in cyst formation and expansion [35] [36] [37] . bind to the VEGFR-2 present in endothelial cells and
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